Insulin stimulates glucose transport by recruiting the GLUT4 glucose transporter to the plasma membrane. Here we use total internal reflection fluorescence microscopy to show that two trafficking motifs of GLUT4, a FQQI motif and a TELE-based motif, target GLUT4 to specialized vesicles that accumulate adjacent to the plasma membrane of unstimulated adipocytes. Mutations of these motifs redistributed GLUT4 to transferrin-containing recycling vesicles adjacent to the plasma membrane, and the degree of redistribution correlated with the increases of the GLUT4 mutants in the plasma membrane of basal adipocytes. These results establish that GLUT4 defaults to recycling endosomes when trafficking to specialized vesicles is disrupted, supporting the hypothesis that the specialized vesicles are derived from an endosomal compartment. Insulin stimulates both the accumulation of GLUT4 in the evanescent field and the fraction of this GLUT4 that is inserted into the plasma membrane. Unexpectedly, these two steps are differentially affected by the development of insulin resistance. We ascribe this selective insulin resistance to inherent differences in the sensitivities of GLUT4 vesicle accumulation and insertion into the plasma membrane to insulin. Differences in insulin sensitivities of various processes may be a general mechanism for the development of the physiologically important phenomenon of selective insulin resistance.
INTRODUCTION
Glucose flux into muscle and adipose cells is tightly controlled (Klip, 2009) . In unstimulated adipose and muscle cells the insulin-responsive glucose transporter, GLUT4, is predominantly intracellular (ϳ95%), and its exclusion from the plasma membrane (PM) accounts for the low basal glucose flux into these cells . On insulin stimulation, GLUT4 is redistributed to PM (ϳ50%), increasing glucose flux into cells. In insulin resistance, insulin does not properly regulate GLUT4 trafficking, thereby contributing to hyperglycemia and the disruption of glucose homeostasis.
GLUT4 trafficking has been extensively studied . Although there remain points of controversy on the details, the emerging picture is that GLUT4 traffics intracellularly between specialized compartments that are accessible to only select proteins and more general endosomal compartments that are accessible to the transferrin receptor (TR; Govers et al., 2004; Karylowski et al., 2004; Dugani and Klip, 2005; Martin et al., 2006) . One of the proteins that traffics with GLUT4 through the specialized pathway is the insulin-regulated aminopeptidase (IRAP; Kandror and Pilch, 1994; Keller et al., 1995) . In unstimulated adipocytes GLUT4 is rapidly internalized from the PM and slowly recycled back to the cell surface. Slow recycling in unstimulated cells is the predominant kinetic characteristic of the GLUT4 specialized trafficking pathway that distinguishes it from the general endosomal-recycling pathway that traffics the TR back to the PM. Targeting of GLUT4 to the insulin-regulated pathway is required for intracellular retention and this specialized sorting requires information in both the amino and carboxyl cytoplasmic domains of GLUT4. Specifically, an FQQI 5-8 -based motif in the amino and a TELE [498] [499] [500] [501] -based motif in the carboxyl cytoplasmic domains are required for retention (e.g., Govers et al., 2004; Blot and McGraw, 2008) .
Insulin stimulation accelerates recycling and slows endocytosis of GLUT4, resulting in a net accumulation of GLUT4 in the PM . Coincident with the increased recycling is a net redistribution from specialized compartments to endosomes. It is not known if in insulinstimulated cells GLUT4 traffics to the PM through the rapid general endosomal-recycling pathway or if it traffics to the PM by specialized carriers. The formation and behavior of the carriers that ferry GLUT4 to the PM are sites of insulin regulation, and therefore understanding these processes will further illuminate normal insulin action and will provide a conceptual framework for understanding changes induced by insulin resistance. Although it is known that GLUT4 is not properly translocated to the PM of muscle and adipose from insulin-resistant individuals (e.g., (Maianu et al., 2001) ; a phenomenon that is recapitulated in model systems of insulin resistance (e.g., Chen et al., 2004; Hoehn et al., 2008) , the details of how insulin resistance affects GLUT4 trafficking remain undefined.
Here we use dual-color total internal reflection fluorescence microscopy (TIRFM) to compare wild-type (WT) GLUT4 and GLUT4 mutants whose steady-state distributions between the PM and intracellular compartments are altered. Transferrin (Tf) was used to mark endocytic-recycling vesicles and the insulin-regulated amino peptidase (IRAP) was used to mark the insulin-regulated transport vesicles. Our results establish that in unstimulated adipocytes the GLUT4 mutants are redistributed from IRAP-containing to Tf-containing vesicles in the evanescent field (within 200 nm of PM). The degree of redistribution correlates with the increases of the individual mutants in the PM of unstimulated basal adipocytes. These data support a model in which the GLUT4 mutants with reduced targeting to the specialized insulin-regulated pathway are returned to the PM in rapidly recycling Tf-containing vesicles, thereby accounting, in part, for the increased accumulation of the mutants in the PM of unstimulated adipocytes. We show that insulin does not cause a significant redistribution of GLUT4 to Tf recycling vesicles, strongly supporting the hypothesis that in insulin-stimulated cells, as in basal adipocytes, GLUT4 traffics to the PM in specialized vesicles. Insulin signaling regulates both the accumulation of GLUT4-containing vesicles within the evanescent field as well as the insertion of GLUT4 into the PM. Unexpectedly the accumulation and insertion steps are differentially affected by the development of insulin resistance. In insulin-resistant adipocytes, in which the net redistribution of GLUT4 to the PM is reduced by ϳ50%, the insertion of GLUT4 into the PM stimulated by 1 nM insulin is unaffected, whereas the accumulation of GLUT4 in the evanescent field is significantly inhibited. A possible mechanism to explain this "selective" insulin resistance are inherent differences in the insulin sensitivity of GLUT4-containing vesicle accumulation in the evanescent field and GLUT4 insertion into the PM.
MATERIALS AND METHODS

Ligands, Chemicals, and Antibodies
Anti-hemagglutinin (HA) epitope antibody (HA.11) was purified from ascites (Covance, Berkley, CA) on a protein G affinity column (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). Fluorescent secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Alexa 546 was purchased from Invitrogen (Carlsbad, CA) and was conjugated to human Tf (Sigma-Aldrich, St. Louis, MO) according to the manufacturer's instructions. The Akt inhibitor 1/2 (Akti1/2) and phosphatidylinositol 3Ј-kinase (PI3K) inhibitor (wortmannin) were purchased from Calbiochem (San Diego, CA). Mouse monoclonal anti-TR was a gift from Dr. Fred Maxfield (Weill Cornell Medical College). Rabbit anti-IRAP was a generous gift from Dr. Susanna Keller (University of Virginia).
Cell Culture, Plasmids, and Electroporation 3T3-L1 fibroblasts were cultured, differentiated into adipocytes, and electroporated as previously described (Zeigerer et al., 2002) . Studies were performed 1 d after electroporation. The HA-GLUT4-green fluorescent protein (GFP) mutants and TR have been described previously (Zeigerer et al., 2002; Blot and McGraw, 2008) . Insulin resistance was induced by incubating adipocytes overnight in DMEM supplemented with 10% FBS and 17 nM insulin. To inhibit Akt or PI3K activity, cells were preincubated for 30 min with 1 M Akti1/2 or 100 nM wortmannin, respectively, and then incubated with or without 1 nM insulin for 30 min.
Wide-Field Microscopy and TIRFM
TIRFM and epifluorescence (EPI) images were acquired on an Olympus IX 70 (Thornwood, NY) with a 60ϫ 1.45 NA oil-immersion objective using dualcolor TIRF imaging with excitation wavelengths at 488 nm for GFP and 532 nm for Cy3. MetaMorph software (Molecular Devices, Sunnyvale, CA) was used for image processing and quantification as described previously (Lampson et al., 2001 ).
GLUT4 Translocation
Adipocytes incubated in serum-free DMEM medium for 2 h at 37°C in 5% CO 2 air were further incubated with or without 1 nM insulin for 30 min. Cells were washed with ice-cold PBS supplemented with Ca 2ϩ /Mg 2ϩ and fixed in 3.7% formaldehyde. PM GLUT4 was measured by anti-HA.11 immunofluorescence (IF) of nonpermeabilized cells.
Colocalization
IRAP and HA-GLUT4-GFP. Adipocytes transiently expressing HA-GLUT4-GFP were fixed and permeabilized with 150 M saponin, and endogenous IRAP was revealed by indirect IF with a Cy3-labeled secondary antibody. Images were collected in both GFP and Cy3 channels in EPI and TIRF modes. To determine colocalization of the probes in the evanescent field, images in both channels were background-corrected using the median ranking filter of MetaMorph image-processing software. Regions of interest (ROI) were independently identified in the two channels using the internal threshold objects algorithm of MetaMorph and empirically determined low-intensity thresholds. A single threshold value for the red channel was used to process all the red images collected within a given experiment, and a single green channel threshold was used for all the green channel images. The average pixel intensities of the ROI were logged for analysis. The ROI determined in the red channel (IRAP) were transferred to the corresponding image in the green channel, and the green pixel intensities were logged. Similarly the green ROI were transferred to the red channel and the pixel intensities logged. The percent of IRAP ROI that was also positive for GLUT4 (percent colocalization) were calculated as the percent of the red channel ROI that had green channel pixel intensities above the low-intensity threshold of the green channel. Similarly, the GLUT4 vesicles that contained IRAP were determined as the green channel ROI that have red channel pixel intensities above the red channel low-intensity threshold. Images illustrating the steps of the processing are provided in Supplemental Figure 1 .
Tf and HA-GLUT4-GFP. Adipocytes transiently expressing HA-GLUT4-GFP and the human TR were incubated with 5 g/ml Tf-Alexa 546 for at least 2 h at 37°C. The cells were washed with pH 5.0 balanced salt buffer, followed by two washes with neutral pH balanced salt buffer to release Tf-Alexa 546 bound to the surface of cells. The cells were incubated for 2 min at 37°C with unlabeled Tf to minimize the number of newly formed endosomes labeled with Tf-Alexa 546 in the evanescent field. The quantification of colocalization of HA-GLUT4-GFP and Tf-Alexa 546 was determined by the same method as described above for IRAP and HA-GLUT4-GFP.
Accumulation in Evanescent Field and Insertion into the PM
Adipocytes were incubated in serum-free DMEM medium for 2 h. During the final 30 min of this incubation and during the 30-min insulin stimulation, the medium was supplemented with DMSO, 1 M Akti1/2, or 100 nM wortmannin. Akti1/2 is an inhibitor of Akt 1 and 2 isoforms (Barnett et al., 2005) . After fixation, HA-GLUT4-GFP in the PM was revealed by anti-HA.11 IF with Cy3 secondary antibody in unpermeabilized cells. Both EPI and TIRF images were acquired in the Cy3 and GFP channels using dual-color TIRF and EPI microscopy.
To study Tf-containing vesicles, adipocytes were incubated with 5 g/ml Tf-Alexa 546 for at least 2 h at 37°C. During the final 30 min of this incubation and during the 30-min insulin stimulation, the medium was supplemented with DMSO, 1 M Akti1/2, or 100 nM wortmannin. Surface TR was revealed by IF with Cy2 secondary antibody.
Statistics
Paired Student's t test was applied for the comparisons.
RESULTS
Juxtamembrane Elements of the GLUT4 Retention Pathway Identified in TIRFM
An important aspect of the specialization of GLUT4 behavior is its exclusion from the PM of unstimulated cells. Previous studies have established a correlation between increased GLUT4 localization to endosomes and increased GLUT4 in the PM of basal adipocytes (Martin et al., 1996; Marsh et al., 1998; Blot and McGraw, 2008) . For example, mutation of the GLUT4 amino terminal FQQI 5-8 motif or the carboxyl terminal TELE 498-501 -based motif results in an increase of GLUT4 in the PM of unstimulated adipocytes and a shift of GLUT4 from specialized intracellular compartments to Tf-containing endosomal compartments (Marsh et al., 1998; Blot and McGraw, 2008) . Those data support a model in which the retention of GLUT4 in unstimulated adipocytes requires targeting to a specialized intracellular trafficking pathway (i.e., diversion from the endosomal system; Figure 1A ). Implicit in this model is the hypothesis that the GLUT4 mutants are recycled to the PM through the rapid endosomal-recycling pathway that returns Tf to the PM, resulting in the increased accumulation of GLUT4 mutants at the PM of basal adipocytes.
To test this hypothesis, we used TIRFM to examine the effects of the GLUT4 mutations on intracellular compartmentalization in unstimulated adipocytes. In TIRFM, fluorophors within ϳ200 nm of the PM are excited, limiting detection of fluorescence to structures that are adjacent to the PM. We reasoned that this method would allow us to determine the effects of the mutations on targeting GLUT4 to transport intermediates ferrying proteins from intracellular compartments to the PM. GLUT4 harboring the F 5 A mutation of the FQQI motif, the EE 499,501 AA mutation of the TELE-based motif, or both mutations, F 5 A/EE 499,501 AA, were studied ( Figure 1B) . The behaviors of WT GLUT4 and the different mutants were characterized using HA-GLUT4-GFP, which has an HA epitope inserted in the first exofacial loop and GFP fused to the carboxy terminus of GLUT4 (Lampson et al., 2000) . Indirect IF detection of the HA epitope on the surface of nonpermeabilized cells is a measure of the insertion of HA-GLUT4-GFP in the PM and is a quantitative assay of the translocation of GLUT4 to the PM (Zeigerer et al., 2002) . As previously reported, GLUT4 mutated in the FQQI or TELE-based motifs accumulated at the PM of basal adipocytes to a greater extent than WT GLUT4, ( Figure 1C ; Govers et al., 2004; Blot and McGraw, 2008) . The different mutants accumulated at the PM to different degrees. The F 5 A and EE 499,501 AA mutations increased basal PM GLUT4 by about fourfold and about twofold, respectively, whereas simultaneous mutation of both motifs increased basal PM GLUT4 by about eightfold.
To determine the effects of the mutations on intracellular targeting of GLUT4, we examined the colocalization of the HA-GLUT4-GFP constructs with endogenous IRAP in TIRFM. Adipocytes expressing HA-GLUT4-GFP constructs (WT, F 5 A, EE 499,501 AA, or F 5 A/EE 499,501 AA) were permeabilized and IRAP localization examined by IF. GFP (GLUT4) and Cy3 (IRAP) images were acquired in a dualview configuration of the TIRF microscope ( Figure 2A ). As previously reported, there were a large number (ϳ350) of WT GLUT4-containing spots (vesicles) in the evanescent field of basal adipocytes (Lizunov et al., 2005; Gonzalez and McGraw, 2006; Bai et al., 2007; . These GLUT4 vesicles are mobile, rapidly moving within the evanescent field, yet rarely fusing with the PM (Lizunov et al., 2005; . Consequently, in basal adipocytes the GLUT4 vesicles detected in TIRFM are not transporting GLUT4 to the PM per se, but rather are vesicular elements of the basal retention mechanism located adjacent to the PM. Past work has established that upon insulin stimulation, these vesicles arrest (dock) and fuse, delivering GLUT4 to the PM (Lizunov et al., 2005; Bai et al., 2007; . As is the case for WT GLUT4, there were abundant GFP-positive puncta in the evanescent field of basal adipocytes expressing the GLUT4 mutants, and all the different GLUT4 constructs had similar number of puncta in the evanescent field.
Immunofluorescence revealed abundant IRAP-containing vesicles in the evanescent field of basal adipocytes. Data from individual cells expressing the WT or the GLUT4 mutants are shown in Figure 2A . Colocalizations of IRAP and GLUT4 in vesicles adjacent to the PM were quantified as described in detail in supplemental Figure 1 . Briefly, IRAPpositive spots above a low-intensity threshold ( Figure 2B , red line) were identified as ROI, and the red (IRAP) and green (GLUT4) pixel intensities in these ROI were measured. The ROI with green intensities above the low-intensity threshold ( Figure 2B , green line) were scored as IRAP-containing vesicles that were also positive for GLUT4 ( Figure  2B ). The data were analyzed in reverse, with the ROI chosen in the green channel, and ROI with red intensities above the low-intensity threshold ( Figure 2B , red line) were scored as GLUT4-containing vesicles positive for IRAP. (A) GLUT4 retention model. The TR recycling pathway (fast in both basal and insulin-stimulated states) and the GLUT4 specialized pathway (slow in basal and fast in the presence of insulin) contribute to PM GLUT4 distribution. GLUT4 is sorted from the endosomal recycling compartment (ERC) to the GLUT4 specialized vesicles (GSV; retention pathway 2) and an unidentified perinuclear compartment (retention pathway 1) in basal adipocytes. These two retention pathways are controlled by the TELE-based and FQQI motifs, respectively. Mutation of these motifs results in redistribution of GLUT4 to the endosomal compartments and increases PM GLUT4 (Blot and McGraw, 2008) . ( The percent of IRAP vesicles that are also positive for HA-GLUT4-GFP in individual cells from a representative experiment are shown in Figure 2C , and the average data from multiple independent experiments are shown in Figure  2D . About 60% of the IRAP vesicles identified were also positive for WT GLUT4, and the colocalizations of the different GLUT4 mutants with IRAP were all reduced to degrees that paralleled the increases of the individual mutants on the PM of unstimulated adipocytes ( Figure 1C ). GLUT4 and IRAP have been reported to be better colocalized (Ͼ85%) than what we measure here. Past colocalizations of GLUT4 and IRAP have been determined with methods that measure the colocalization of the total cellular pools of IRAP and GLUT4, whereas here we are restricting analysis to structures within the evanescence field. Another consideration is the sensitivity of the assay. To examine this, we measured colocalization between GFP and anti-HA when HA-GLUT4-GFP-expressing cells were permeabilized and stained with anti-HA. We found ϳ70% colocalization, suggesting that the 60% value we measured is close to the maximum colocalization measured in the assay. Recently it has been reported that GLUT4 and IRAP colocalize to ϳ70% in TIRFM, in line with our measurements (Zhao et al., 2009 ). Mutations of the GLUT4 motifs alter the percent colocalizations with IRAP ( Figure 2, C and D) . The absolute percent colocalization of the two probes will depend on the lowintensity threshold values used to analyze the data. Here we are interested in how mutations in GLUT4 change its localization with IRAP; therefore, the colocalizations of the GLUT4 mutants with IRAP of the individual experiments were normalized to the percent of colocalization of WT GLUT4 and IRAP measured in the same experiment. The averages of the normalized data from multiple experiments are presented in Figure 2 , E and F. The largest change was for the F 5 A/EE 499,501 AA mutant, whose colocalization with IRAP was reduced by 50% compared with WT GLUT4. Relative to WT GLUT4, the F 5 A mutation caused a 25% reduction in colocalization with IRAP, whereas the EE 499,501 AA mutant's colocalization was reduced by ϳ10%. The differences in the colocalization of the mutants with IRAP relative to WT GLUT4 followed the same general trends whether the vesicles were identified in the IRAP channel or the GLUT4 channel, although for the F 5 A mutant, vesicles chosen in the GFP channel had a higher p value than the other comparisons ( Figure 2F ). The numbers of vesicles quantified were not significantly different among the GLUT4 mutants, and the degree of colocalization did not correlate with the expression levels of the GLUT4 constructs ( Figure 2G) . Thus, the differences in colocalizations of the mutants are intrinsic to differences in behaviors of the mutants rather than a consequence of differences in the amounts of the mutants expressed. Importantly, previous studies have shown expression of these mutants did not alter IRAP behavior, validating IRAP as a marker of the insulin-regulated retention pathway in adipocytes coexpressing the GLUT4 mutants (Blot and McGraw, 2008) . The relative changes in colocalization of the GLUT4 mutants with IRAP parallels the increases of the mutants in the PM of basal adipocytes ( Figures 1C and  2 , E and F), providing strong support for the hypothesis that these IRAP-containing juxta PM vesicles are indeed elements of the GLUT4 retention machinery.
GLUT4 Mutants Are Redistributed to Tf-containing Vesicles Adjacent to the PM
We next sought to determine whether the decreased targeting of the mutants to IRAP-containing vesicles was paralleled by an increased accumulation in Tf-containing recycling vesicles. To address this question we used a modification of the method discussed above. Adipocytes coexpressing HA-GLUT4-GFP constructs and the human TR were incubated with Tf conjugated to Alexa 546 (Tf-Alexa 546 ) for 2 h at 37°C to label endosomes. Cells were incubated for 2 min before fixation in medium with unlabeled Tf. Any endosomes formed from the PM during this 2 min will not be labeled with Tf-Alexa 546 , reducing the contribution of newly formed Tf-Alexa 546 -labeled endosomes in the evanescent field.
The localizations of F 5 A and F 5 A/EE 499,501 AA mutants to Tf recycling vesicles were increased relative to WT GLUT4 (Figure 3 ). These data demonstrate that the reduced targeting of these mutants to the IRAP-containing vesicles correlates with an increased localization to Tf-containing vesicles. The F 5 A and F 5 A/EE 499,501 AA mutations had large effects on the amount of GLUT4 in the PM of basal adipocytes ( Figure 1C) , providing a link between increased localization to Tf-containing vesicles and increased expression in the PM of basal adipocytes. There was no statistically significant increase of the EE 499,501 AA mutant in Tf-containing vesicles. This mutation caused the smallest increase in basal PM expression of GLUT4 as well as the smallest decrease in colocalization with IRAP. The sensitivity of the colocalization assay with Tf-labeled endosomes might not be sufficient to detect the change in GLUT4 colocalization induced by the EE 499,501 AA mutation.
Insulin Controls Both the Accumulation of WT GLUT4 in the Evanescent Field and the Fraction of GLUT4 within the Evanescent Field That Was Inserted into the PM
Insulin signals to GLUT4 in part through activation of Akt downstream of PI3K activation. Insulin regulates GLUT4-vesicle association with the PM at both prefusion and fusion steps, and these steps are distinguished based on sensitivity to Akt inhibition (e.g., Gonzalez and McGraw, 2006) . Insulin increases the accumulation of GLUT4 within the evanescent field, an effect that is blocked by Akt inhibition (Gonzalez and McGraw, 2006; Lopez et al., 2009) . The fraction of GLUT4 within the evanescent field that is inserted into the PM is also increased by insulin, demonstrating insulin control of vesicle fusion independent of changes in accumulation in the evanescent field (Gonzalez and McGraw, 2006) . The effect of insulin on the fraction of GLUT4 within the evanescent field inserted into the PM is not blocked by inhibition of Akt (Gonzalez and McGraw, 2006) . Both effects of insulin are blocked by wortmannin inhibition of PI3K (Gonzalez and McGraw, 2006 ). Here we use insulin stimulation of the accumulation of GLUT4 in the evanescent field and the fraction of this GLUT4 that is inserted into the PM ("insertion efficiency") as parameters to further characterize the behaviors of the GLUT4 mutants. We used a two-color TIRFM assay that is a modification of a previously described single color TIRFM method (Gonzalez and McGraw, 2006) . Briefly, unstimu- lated adipocytes and adipocytes treated with insulin for 30 min were fixed (not permeabilized), and the amount of HA-GLUT4-GFP inserted into the PM was revealed by IF with an anti-HA antibody (Cy3; Figure 4A ). EPI and TIRF images for both GFP and Cy3 channels were collected. The Cy3 EPI /GFP EPI ratio is the standard method used to measure insulin-stimulated translocation of GLUT4 to the PM, and it reflects the fraction of the total cellular HA-GLUT4-GFP that is inserted into the PM (Lampson et al., 2000) . The GFP TIRF /GFP EPI is proportional to the fraction of total cellular HA-GLUT4-GFP that is within the evanescent field. The amount in the evanescent field includes GLUT4 inserted in the PM as well as GLUT4 in vesicles adjacent to the PM but not fused with the PM, and an increase in this ratio induced by insulin reflects a net increase of GLUT4 in the evanescent field, without distinguishing between vesicles that have fused with the PM from those that have not. We refer to the GFP TIRF /GFP EPI ratio as "accumulation in evanescent field." The Cy3 TIRF /GFP TIRF ratio is a measure of the fraction of HA-GLUT4-GFP in the evanescent field that is inserted into the PM; therefore, changes in this ratio reflect net changes in the fraction of HA-GLUT4-GFP in the evanescent field that is inserted into the PM. We refer to Cy3 TIRF /GFP TIRF as "insertion efficiency." Consistent with our previous results, insulin-stimulated GLUT4 translocation to the PM was inhibited by 75% when Akt activation was inhibited with 1 M of the Akt inhibitor, Akti1/2, whereas inhibition of PI3K with 100 nM wortmannin completely blocked GLUT4 translocation ( Figure 4B ). Insulin stimulated a threefold increase in the Cy3 TIRF /GFP TIRF ratio, demonstrating a threefold increase in the amount of HA-GLUT4-GFP in the evanescent field that is inserted into the PM. The effect of insulin on the amount of HA-GLUT4-GFP in the evanescent field that is inserted into the PM is completely blocked by wortmannin but is inhibited only 48% by Akti1/2 ( Figure 4C ). Insulin activation of Akt is blocked by Akti1/2 treatment (Supplemental Figure 2) . These data show that about half of the effect of the insulin control of GLUT4 in the evanescent field that is inserted into the PM is by an Akt-independent, PI3K-dependent mechanism. Insulin stimulated the accumulation of GLUT4 in the evanescent field by twofold (change in the GFP TIRF /GFP EPI ratio), and this effect of insulin on GLUT4 was completely inhibited by wortmannin and inhibited 76% by Akti1/2 ( Figure 4D ). Thus, insulin control of GLUT4 accumulation in the evanescent field is more sensitive to Akt inhibition than is insulin control of insertion of GLUT4 into the PM (76 vs.
48% inhibition).
To further characterize this assay, we examined the effect of overexpressing a dominant inhibitory form of the AS160 RabGAP protein AS160-4P ( Figure 5 ). In unstimulated adipocytes AS160 GAP activity is required for the exclusion of GLUT4 from the PM, in part through actions on Rab10 (Sano et al., 2003; Zeigerer et al., 2004; Eguez et al., 2005; Larance et al., 2005; Sano et al., 2007) . AS160 controls GLUT4-containing vesicle docking (prefusion step) with the PM Jiang et al., 2008) . Akt phosphorylates AS160, inactivating the GAP activity and releasing the inhibition on docking. Akt does not phosphorylate the AS160-4P mutant, and therefore AS160-4P inhibits insulin-stimulated GLUT4-containing vesicle docking to the PM. Overexpression of AS160-4P inhibited translocation of GLUT4 by 80%, an effect that is accounted for by a 90% inhibition of insulin-stimulated accumulation of GLUT4 in the evanescent field ( Figure  5 , A and C). AS160-4P only inhibited the insulin-stimulated increase in the fraction of GLUT4 in the evanescent field that is inserted into the PM by 60% (Figure 5B ), consistent with previous results that the effect of AS160-4P is predominantly to inhibit a prefusion step (Jiang et al., 2008) . These data show that insulin can increase the insertion of GLUT4 into the PM in the presence of AS160-4P, demonstrating that the EPI /GFP EPI fluorescence ratio), the insertion efficiency (fraction of GLUT4 in the evanescent field that is inserted into the PM; ␣HA Cy3 TIRF /GFP TIRF fluorescence ratio) and accumulation in evanescent field (GFP TIRF / GFP EPI fluorescence ratio) in unstimulated and insulin-stimulated adipocytes. Cells were treated with DMSO, 1 M Akti1/2, or 100 nM wortmannin 30 min before and during the 30-min insulin stimulation. Data are averages Ϯ SEM from six independent experiments normalized to the control in the basal state. *p Ͻ 0.05, **p Ͻ 0.001 compared with the control in the insulin-stimulated state; # p Ͻ 0.05. Figure 5 . The effects of AS160-4P on GLUT4 accumulation in the evanescent field and the fraction of this GLUT4 inserted into the PM. The effects of AS160-4P on GLUT4 translocation to the PM (␣HA Cy3 EPI /GFP EPI fluorescence ratio; A), the insertion efficiency (fraction of GLUT4 in the evanescent field that is inserted into the PM (␣HA Cy3 TIRF /GFP TIRF fluorescence ratio; B), and accumulation in evanescent field (GFP TIRF /GFP EPI fluorescence ratio; C) in unstimulated and insulin-stimulated adipocytes. Adipocytes were transiently transfected with WT HA-GLUT4-GFP and AS160-4P the day before the experiment. The data are the means of four experiments Ϯ SEM; # p Ͻ 0.05 compared with basal control; *p Ͻ 0.05 compared with insulin-stimulated control. We next examined the behavior of GLUT4 F 5 A/EE 499,501 AA mutant in the TIRFM assay. We chose this mutant because its accumulation in the PM of basal adipocytes was most different from WT GLUT4 ( Figure 1C ). The effects of insulin on this mutant were significantly different from the effects of insulin on WT GLUT4 (Figure 6) . First, the effect of Akt inhibition on insulin-stimulated translocation of F 5 A/ EE 499,501 AA to the PM was smaller than the effect of Akt inhibition on insulin-induced WT GLUT4 translocation (Figures 6A and 4B, respectively) . Second, wortmannin inhibition reduced the amount of F 5 A/EE 499,501 AA in the PM of unstimulated cells, whereas wortmannin did not have an effect on WT GLUT4 in unstimulated adipocytes (Figures 6A and 4B, respectively) . Third, insulin did not increase the fraction of F 5 A/EE 499,501 AA-GLUT4 in the evanescent field that is inserted into the PM ( Figure 6B ). These results support the hypothesis that F 5 A/EE 499,501 AA-GLUT4 traffics to the PM in functionally different vesicles than those that ferry WT GLUT4 to the PM. Insulin did increase the accumulation of F 5 A/EE 499,501 AA-GLUT4 in the evanescent field, although not to the same degree as the effect on WT GLUT4 ( Figure 6C ). Furthermore, wortmannin reduced the amount of F 5 A/EE 499,501 AA-GLUT4 in the evanescent field of unstimulated adipocytes, indicating that this effect is responsible for the wortmannin-induced decrease in F 5 A/EE 499, 501 AA-GLUT4 in the PM of basal adipocytes.
Because F 5 A/EE 499,501 AA-GLUT4 is redistributed to Tfcontaining vesicles in the evanescent field, we next examined the behavior of Tf-containing vesicles. Tf-Alexa 546 internalized from the medium was used to label the TR recycling vesicles, and an antibody against the extracellular domain of the TR was used to measure insertion of the TR into the PM ( Figure 7A ). Insulin induced a small increase of TR in the PM of adipocytes, an effect that was inhibited by wortmannin but not Akti1/2 ( Figure 7B ). Wortmannin re- duced the amount of TR in the PM of unstimulated adipocytes, similar to the effect on F 5 A/EE 499,501 AA-GLUT4 (Figures 7D and 6C, respectively) . In addition, wortmannin reduced the amount of Tf-containing vesicles in the evanescent field of unstimulated cells ( Figure 7D ). In these respects the behavior of F 5 A/EE 499,501 AA-GLUT4 was more like Tf-containing vesicles than WT GLUT4-containing vesicles, consistent with the redistribution of F 5 A/EE 499,501 AA-GLUT4 to Tf-containing recycling vesicles in the evanescent field (Figure 3) . The wortmannin induced reduction of TR in the PM of unstimulated adipocytes documents a role for PI3K activity in the control of basal TR trafficking, consistent with previous reports (Jess et al., 1996) .
We were unable to detect an effect of insulin on the accumulation of Tf-containing vesicles in the evanescent field or a change on the fraction of these vesicles inserted into the PM. Thus, the small change in PM TR induced by insulin did not correlate with measurable changes in the recruitment or fusion of TR recycling vesicles, indicating that the assay is not of sufficient sensitivity to detect the small changes responsible for insulin control of TR in the PM.
GLUT4 Does Not Traffic to PM in TR Recycling Vesicles in Insulin-stimulated Adipocytes
Our data demonstrate the importance of targeting GLUT4 to functionally specialized vesicles in basal retention. In insulin-stimulated cells GLUT4 recycles to the PM with kinetics similar to the TR. The change in GLUT4 behavior could reflect a change in the kinetics of the specialized vesicles in insulin-stimulated cells. Alternatively, GLUT4 could redistribute to endosomes and be returned to the PM in TR recycling vesicles. To provide information on this question we examined, in insulin-stimulated adipocytes, the colocalization of GLUT4 and TR in juxta-PM vesicles (Figure 8 ). Insulin stimulation did not induce a significant shift in GLUT4 to TR-containing juxta-PM vesicles. Thus, in insulinstimulated adipocytes GLUT4 does not traffic to the PM in TR recycling vesicles, establishing that GLUT4 is sorted to specialized-recycling vesicles even in stimulated cells.
Effects of Insulin Resistance on the Behavior of GLUT4 Vesicles
The above data demonstrate that GLUT4 is targeted to vesicles whose accumulation in the evanescent field and insertion into the PM are regulated by insulin. These results prompted us to ask how the behaviors of the GLUT4-containing vesicles are affected by insulin resistance. Previous studies have shown that prolonged incubation of adipocytes with high concentrations of insulin induces insulin resistance (Chen et al., 2004; Hoehn et al., 2008) . Adipocytes incubated overnight with 17 nM insulin developed insulin resistance characterized by a reduction in the translocation of GLUT4 to the PM when the cells were rechallenged with insulin ( Figure 9A ). These results establish an approximate 10-fold shift in the insulin dose response for GLUT4 translocation in the insulin-resistant cells (EC 50 ϳ0.1 nM for control vs. ϳ1 nM for insulin-resistant cells). The residual Characterization of GLUT4 accumulation in the evanescent field and fraction of this GLUT4 that is inserted into the PM in insulin-resistant adipocytes. Characteristics of WT HA-GLUT4-GFP translocation (␣HA Cy3 EPI /GFP EPI fluorescence ratio; A),"insertion efficiency (fraction of GLUT4 in the evanescent field that is inserted into the PM; ␣HA Cy3 TIRF /GFP TIRF fluorescence ratio; B), and accumulation in evanescent field (GFP TIRF /GFP EPI fluorescence ratio; C) in unstimulated and insulin-stimulated control and insulin-resistant adipocytes. 100 nM wortmannin was included as noted. The results are averages Ϯ SEM from three to nine experiments, *p Ͻ 0.05; **p Ͻ 0.001.
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We next determined if the accumulation of GLUT4 in the evanescent field and/or the fraction of this GLUT4 in the evanescent field that is inserted into the PM were affected by insulin resistance. The accumulation of GLUT4 in the evanescent field stimulated by 1 nM insulin was severely blunted in the insulin-resistant cells ( Figure 9C ). However, unlike the change in recruitment to the PM, the 1 nM insulinstimulated increase in the amount of GLUT4 in the evanescent field inserted into the PM was unaffected in insulin-resistant adipocytes ( Figure 9B ). Thus, in the insulin-resistant adipocytes the effects of 1 nM insulin on accumulation in the evanescent field and the fraction of this GLUT4 inserted into the membrane were uncoupled, providing additional support for the hypothesis that these steps are differentially regulated by insulin.
To further explore the differences between accumulation in the evanescent field and insertion into the PM in insulinresistant adipocytes, we studied cells stimulated with a lower concentration of insulin. The translocation of GLUT4 to the PM stimulated by 0.1 nM insulin was about half that stimulated by 1 or 10 nM insulin ( Figure 9A ). There was a shift to the right of the insulin dose response for GLUT4-containing vesicle accumulation in the evanescent field in insulin-resistant adipocytes, with an EC 50 of the effect in control cells of ϳ0.1 nM and an EC 50 of greater than 1 nM for the insulin-resistant adipocytes ( Figure 9C ).
The fraction of GLUT4 in the evanescent field that is inserted into the PM was increased by nearly threefold in cells stimulated with 0.1 nM insulin, similar to the effect of 1 or 10 nM insulin ( Figure 9B ). The effect of 1 nM insulin on the fraction of GLUT4 in the evanescent field that was inserted into the PM was not affected by insulin resistance, whereas the increase stimulated by 0.1 nM insulin was severely blunted in the insulin-resistant adipocytes ( Figure  9B ). Thus, although insulin control of GLUT4 insertion into the PM is indeed altered in the insulin-resistant cells, the effect of insulin-resistance is only revealed at insulin concentrations Ͻ1 nM. Therefore, these data demonstrate that GLUT4 accumulation in the evanescent field and the fraction of this GLUT4 that is inserted into the PM have different sensitivities to insulin, and as a result of this difference, they are differentially affected in insulin-resistant adipocytes.
One possible explanation for the inhibition of insulinstimulated recruitment of GLUT4-containing vesicles is a disruption in Akt phosphorylation of AS160. However, there was no detectable reduction in Akt phosphorylation of AS160 in the insulin-resistant cells (Supplemental Figure 3) . Therefore, despite normal phosphorylation of AS160, GLUT4-containing vesicle accumulation in the evanescent field is disrupted in the insulin-resistant cells. These results support recent findings that insulin resistance measured by GLUT4 translocation (a functional measure of insulin action) is not accompanied by a significant reduction in AS160 phosphorylation (Hoehn et al., 2008) .
DISCUSSION
GLUT4-specialized Vesicles Are Formed from TR-containing Endosomes
Here we use quantitative TIRFM to analyze intracellular trafficking of GLUT4. Past studies have characterized the behavior of GLUT4 using TIRFM (Lizunov et al., 2005; Gonzalez and McGraw, 2006; Bai et al., 2007; . Those results established that GLUT4-containing vesicles adjacent to the PM are elements of the basal retention machinery, emphasizing the importance of understanding the mechanisms that control the biogenesis and targeting of cargo to these vesicles. Here we begin to address some of those questions. We show that mutations that increase GLUT4 in the PM of basal adipocytes also caused an increased colocalization of GLUT4 with TR in vesicles adjacent to the PM and a corresponding decreased colocalization with IRAP-containing vesicles. These findings reveal information on two aspects of the biogenesis and function of these vesicles. One, the altered colocalizations of the GLUT4 mutants establishes that GLUT4 defaults to TR recycling vesicles when its targeting to the specialized vesicles is altered; suggesting that the GLUT4/IRAP-containing specialized vesicles are derived from TR-containing endosomes (as hypothesized in Figure 1A) . Previous in vitro studies have shown that GLUT4-containing vesicles can be formed from endosomes (e.g., Shi and Kandror, 2005) , but here we provide evidence in studies of intact cells for the formation of specialized GLUT4-containing vesicles from endosomes. Two, correlation between the relative increases of the mutants in TR recycling vesicles and the increased amounts of the mutants in the PM of basal adipocytes, provides compelling evidence that the mutants recycle to the PM in TR recycling vesicles in basal adipocytes. Thus, targeting of GLUT4 from endosomes to specialized vesicles adjacent to the PM, mediated by cytoplasmic GLUT4 motifs, is an essential aspect of proper basal intracellular retention.
In addition to being localized to specialized vesicles adjacent to the PM, GLUT4 also accumulates in a perinuclear compartment that may be an element of the TGN ( Figure  1A , retention pathway 1; Govers et al., 2004; Blot and McGraw, 2008) . Cycling of GLUT4 between this compartment and endosomes, which is determined by the FQQI motif, is important for basal retention (Blot and McGraw, 2008) . Although it is likely that the majority of the GLUT4-and IRAP-containing vesicles in the evanescent field are the specialized vesicles noted in retention pathway 2 ( Figure  1A ), we cannot eliminate the possibility that some of the GLUT4-and IRAP-containing vesicles in the evanescent field are trafficking between the perinuclear compartment and endosomal compartments (retention pathway 1). Regardless, our data demonstrate that mutations that cause an increase of GLUT4 in TR recycling vesicles result in an increase of GLUT4 in the PM of basal adipocytes.
In Insulin-stimulated Adipocytes GLUT4 Does Not Traffic to the PM in TR Recycling Vesicles Within 15 min of insulin stimulation, the GLUT4 distribution between the PM and interior of cells achieves a new steady state in which PM GLUT4 is increased by ϳ10-fold. This increased steady-state level of PM GLUT4 supports increased glucose transport and a corresponding decrease in blood glucose. It is of considerable importance to understand how elevated PM GLUT4 is maintained in the insulinstimulated steady state. The increases of the GLUT4 mutants in the PM of basal adipocytes, particularly the eightfold increase of the GLUT4 mutated in both the FQQI and TELEbased motifs, raised the possibility that recycling of GLUT4 in TR recycling vesicles is involved in maintaining elevated levels of PM GLUT4. However, insulin did not alter the colocalization of GLUT4 and TR, demonstrating that GLUT4 is segregated from the TR recycling vesicles in the presence of insulin. Consequently, GLUT4 traffics by a specialized pathway in both basal and insulin-stimulated adipocytes.
